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The mechanical and functional properties of blood ves-sels, including arterial stiffness and wave reflection, 
predict cardiovascular complications over and beyond tradi-
tional risk factors.1–6 The arterial pressure wave consists of 
a forward component generated by the heart and reflected 
waves returning from peripheral branching sites to the cen-
tral aorta.7–9 In stiff compared with elastic arteries, reflected 
waves return faster, reach the proximal aorta during systole, 
and augment late systolic blood pressure.10 Aortic pulse wave 
velocity (PWV) is the gold standard in the assessment of ar-
terial stiffness.11
The observation that retinal microvascular diameters pre-
dict cardiovascular mortality,12 coronary heart disease,13 and 
lacunar stroke,14 extended research from the macrocircula-
tion to the microcirculation. The brain is continually perfused 
at high volume flow throughout systole and diastole, so that 
pulsations are transmitted through the capillary network up to 
the venous efflux.15 The retina shares similar embryological 
origin, anatomic features, and physiological properties with 
cerebral microvasculature.16 Nonmydriatic retinal photog-
raphy allows noninvasive visualization of the retinal micro-
vasculature in population surveys.17–19 Few studies addressed 
the association between the retinal microcirculation and the 
properties of the large arteries20–24 but are difficult to inter-
pret, because they cannot be generalized to the general pop-
ulation,21,23 because they involved brachial-ankle PWV and 
thereby encompassed both elastic and muscular arteries,22,24 or 
because they had a small sample size.21,23 Our literature review 
did not reveal any previous study that addressed the possible 
association of retinal microvascular traits with the forward 
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Abstract—Arterial stiffness and wave reflection predict cardiovascular mortality and morbidity and are associated with renal 
microvascular disease. We hypothesized that the retinal microvascular traits might be associated with central hemodynamic 
properties. In 735 randomly recruited Flemish (mean age, 50.3 years; 47.1% women), we derived central pulse pressure 
and carotid-femoral pulse wave velocity by applanation tonometry and calculated forward (Pf) and backward (Pb) pulse 
waves, using an automated pressure-based wave separation algorithm. We measured central retinal arteriolar (CRAE) and 
venular equivalent and their ratio, using IVAN software (Vasculomatic ala Nicola, version 1.1). Mean values for pulse 
wave velocity (n=554), Pf and Pb were 7.50 m/s, 32.0 mm Hg, and 21.5 mm Hg, respectively. In multivariable-adjusted 
analyses, CRAE was 4.62 µm and 1.26 µm smaller (P≤0.034) for a 1-SD increment in central mean arterial pressure (+11.3 
mm Hg) and central pulse pressure (+15.2 mm Hg); a 1-SD increment in the augmentation ratio (+7.0%), aortic pulse wave 
velocity (+1.66 m/s), Pf (+10.0 mm Hg), and Pb (+8.5 mm Hg), was associated with smaller CRAE; the association sizes 
were −1.91 µm, −1.59 µm, −1.45 µm, and −2.38 µm (P≤0.014), respectively. Associations of arteriole-to-venule diameter 
ratio with the central hemodynamic traits mirrored those of CRAE. None of the multivariable-adjusted associations of 
central retinal venular diameter with the central hemodynamic traits reached significance with the exception of central 
diastolic blood pressure (−1.62 µm; P=0.030). In conclusion, in the general population, higher central pulse pressure, 
pulse wave velocity, Pf, and Pb were associated with smaller CRAE.  (Hypertension. 2019;74:606-613. DOI: 10.1161/
HYPERTENSIONAHA.119.13255.) • Online Data Supplement
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and backward components of the aortic pulse wave.20–24 We 
addressed this knowledge gap by analyzing data from the 




FLEMENGHO complies with the Helsinki declaration for research 
in humans.26 The Ethics Committee of the University Hospitals 
Leuven approved the protocol. The data, analytic methods, and 
study materials will not be made available to other researchers for 
purposes of reproducing the results or replicating the procedure, 
because informed consent did not cover this option. FLEMENGHO 
is a longitudinal family based population study, which enrolled 
3343 individuals from 1985 until 2004.25 Participants were repeat-
edly followed-up. At each contact, participants gave or renewed 
informed written consent. The participation rate was 78.0% at 
enrollment and 76.0% for retinal photography (2008−2015). 
Surviving participants, who still lived in the catchment area of the 
study (North Limburg, Belgium), who were not hospitalized or in-
stitutionalized, and who had undergone both retinal photography 
(2008−2015) and a tonometric assessment of their central hemody-
namics (2005−2015) were eligible for the current analysis. Of 1027 
eligible participants, we excluded 292 from analysis if retinal pho-
tographs were of too low quality to be reliably graded (n=187) or 
if the quality of the pulse wave analysis (n=60) or wave separation 
analysis (n=45) was substandard. Therefore, our current analysis 
included 735 participants.
Clinical and Biochemical Measurements
Participants were asked to refrain from heavy exercise, smoking, 
drinking alcohol, or caffeine-containing beverages for at least 3 hours 
before being examined. Study nurses administered validated ques-
tionnaires, inquiring into each participant’s medical history, smok-
ing and alcohol intake, intake of medications, and lifestyle. Body 
mass index was calculated as body weight in kilograms divided by 
height in meters squared. Fasting blood samples were analyzed for 
plasma glucose and serum total cholesterol, using automated enzy-
matic methods in a single certified laboratory. Diabetes mellitus was 
defined as a fasting plasma glucose of 7.0 mmol/L (126 mg/dL) or 
higher or use of antidiabetic agents.
Hemodynamic Measurements
After the participants had rested for at least 5 minutes in the su-
pine position, nurses measured blood pressures twice to the nearest 
2 mm Hg on the right arm, using a standard mercury sphygmoma-
nometer (Riester GmbH, Jungingen, Germany) fitted with the appro-
priate cuff size according to European guidelines.27 The second of the 
2 measurements was analyzed and used for calibration of the pulse 
wave analysis. Hypertension was defined as a brachial blood pressure 
of at least 140 mm Hg systolic or 90 mm Hg diastolic or use of anti-
hypertensive drugs. Pulse pressure was systolic minus diastolic blood 
pressure. Mean arterial pressure was diastolic pressure plus 40% of 
pulse pressure.28
Next, experienced observers (F.-F. Wei and Z.-Y. Zhang) re-
corded during an 8-second period, the radial arterial waveform at the 
dominant arm by applanation tonometry. They used a high-fidelity 
SPC-301 micromanometer (Millar Instruments Inc, Houston, TX) in-
terfaced with a laptop computer running the SphygmoCor software 
(AtCor Medical Pty Ltd, West Ryde, New South Wales, Australia), 
version 9.0. Recordings were discarded when blood pressure vari-
ability of consecutive waveforms exceeded 5% or the amplitude 
of the pulse wave signal was <80 mV. From the radial signal, the 
SphygmoCor software calculates the aortic pulse wave by means of 
a validated generalized transfer function.29,30 The software returns the 
central systolic, diastolic and pulse pressure, and the pressure at the 
first and second peak (shoulder) of the central waveform (Figure S1 in 
the online-only Data Supplement). The augmentation ratio and index 
are quotients of the second over the first peak of the central blood 
pressure wave and of the absolute difference between the second and 
first peak over central pulse pressure, both expressed as a percentage. 
From the central waveform, a triangular-flow pressure-based wave 
separation algorithm,31 as implemented in the SphygmoCor software, 
allows computing the forward and backward pulse pressure ampli-
tudes (Figure S1) and the timing of their peak height relative to the 
electrocardiographic QRS complex. The reflection index was the ra-
tio of the backward to the forward pulse pressure amplitude expressed 
as percentage.
In 554 participants, aortic PWV was measured by sequential 
electrocardiographically gated recordings of the arterial pres-
sure waveform at the carotid and femoral arteries. The observers 
measured the distance from the suprasternal notch to the carotid 
sampling site (distance A) and from the suprasternal notch to the 
femoral sampling site (distance B). Pulse wave travel distance was 
calculated as distance B minus distance A.32 Pulse transit time was 
the average of 10 consecutive beats.11 Carotid-femoral PWV is the 
ratio of the travel distance in meters to transit time in seconds. 
PWV was discarded if the SEM of 10 beats was >10%. We stan-
dardized the augmentation ratio and index, the aortic PWV, the 
forward and backward wave amplitudes and peak times to a heart 
rate of 65 beats per minute (approximately the mean in the study 
population).
Retinal Photography
We applied a nonmydriatic approach in a dimly lit room to acquire 
retinal photographs, one image per eye in each participant, with 
the Canon Cr-DGi retinal visualization system combined with the 
Canon D 50 digital camera (Canon Inc, Medical Equipment Group, 
Utsunomiya, Japan). After centering the image on the optic disk, we 
measured the central retinal arteriolar (CRAE) and venular (CRVE) 
equivalent, which represent the retinal arteriolar and venular diam-
eter. We used the validated computer-assisted programme IVAN 
(Vasculomatic ala Nicola, version 1.1, Department of Ophthalmology 
and Visual Science, University of Wisconsin-Madison, Madison, WI) 
based on formulae published by Parr and Spears33 and Hubbard et 
al.34 The IVAN software returns average vessel diameters according 
to the revised Knudtson formula.35 The arteriole-to-venule diameter 
ratio (AVR) was CRAE divided by CRVE. For analysis, we aver-
aged each participant’s measurements at both eyes. Intraobserver var-
iability according to the Bland and Altman method36 was 11.7% for 
CRAE, 9.6% for CRVE, and 12.5% for AVR.18 The corresponding 
estimates for interobserver variability were 10.8%, 9.9%, and 14.6%, 
respectively.18
Statistical Analysis
For database management and statistical analysis, we used SAS soft-
ware, version 9.4 (SAS Institute Inc, Cary, NC). We compared means 
and proportions by the large-sample Z test or ANOVA and by the χ2 
statistic, respectively. Statistical significance was a 2-sided signifi-
cance of 0.05.
In exploratory analyses, we plotted the retinal arteriolar di-
ameter by quartiles of the distributions of forward and backward 
wave amplitudes and aortic PWV. In unadjusted and multivari-
able-adjusted analyses, we expressed association sizes of the 
retinal phenotypes for a 1-SD increment in the central hemody-
namic measurements. As in previous publications,37 we adjusted 
for sex, age, body mass index, heart rate, serum total cholesterol, 
plasma glucose, current smoking (0, 1) and alcohol intake (0, 1), 
use of antihypertensive drugs (0, 1), and history of cardiovascular 
disease (0, 1), and additionally brachial diastolic blood pressure 
for the time-dependent central hemodynamic measurements, in-
cluding the augmentation ratio and index, PWV, the forward and 
backward amplitudes, and the reflection magnitude. Sensitivity 
analyses excluding those on antihypertensive drug treatment were 
performed to assess the association between CRAE and all central 
hemodynamic measurements. In sensitivity analyses, the models 
relating CRAE to the central hemodynamic measurements were 
additionally adjusted for CRVE to provide unbiased results.38
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Results
Characteristics of Participants
All 735 participants were white Europeans, of whom 346 
(47.1%) were female. In all participants, mean values (±SD) 
were 50.3±15.0 years for age, 26.5±4.1 kg/m2 for body mass 
index, and 127.8±16.4/79.2±9.7 mm Hg for systolic/dias-
tolic blood pressure. Of 303 participants with hypertension, 
158 were on antihypertensive drug treatment (52.1%) with 
diuretics (n=54 [34.2%]), β-blockers (n=87 [55.1%]), inhibi-
tors of the renin-angiotensin system (angiotensin-converting 
enzyme inhibitors or angiotensin II type-1 receptor blockers; 
n=56 [35.4%]) or vasodilators (calcium-channel blockers or 
α-blockers; n=49 [31.0%]), prescribed in varying combina-
tions in 70 patients (44.3%). Thirty-four participants (4.6%) 
had diabetes mellitus.
Tables 1 and 2 list the clinical, hemodynamic, and ret-
inal microvascular characteristics of the participants by sex. 
Compared with women, men had a higher prevalence of 
smoking, alcohol intake, and hypertension and had signifi-
cantly higher body mass index, blood pressure, and plasma 
glucose (P≤0.043; Table 1). Mean values for aortic PWV 
(n=554) and the forward and backward wave amplitudes were 
7.50±1.66 m/s, 32.0±10.1 mm Hg, and 21.5±8.5 mm Hg, re-
spectively. Compared with women, men had significantly 
(P<0.001) higher central systolic and diastolic blood pressure, 
aortic PWV and forward wave amplitude but lower augmenta-
tion pressure, augmentation ratio and index, reflection magni-
tude, and smaller CRAE (Table 2).
Unadjusted Analyses
The Figure demonstrates that in unadjusted analyses, the 
CRAE decreased across quartiles of the distributions of the 
forward and backward wave amplitudes and aortic PWV. In 
Table 1. Characteristics of Participants
Characteristics
Women 
(n=346) Men (n=389) All (n=735)
All patients in category
  Smokers 39 (11.3) 64 (16.4)* 103 (14.0)
  Drinking alcohol 79 (22.8) 222 (57.1)† 301 (41.0)
  Hypertension 116 (33.5) 187 (48.1)† 303 (41.2)
  Antihypertensive treatment 68 (19.6) 90 (23.1) 158 (21.5)
   Diuretics 26 (7.5) 28 (7.2) 54 (7.4)
   β-blockers 44 (12.7) 43 (11.0) 87 (11.8)
   ACE inhibitors or ARBs 18 (5.2) 38 (9.8)* 56 (7.6)
   CCBs or α-blockers 12 (3.5) 37 (9.5)‡ 49 (6.7)
  Diabetes mellitus 13 (3.8) 21 (5.4) 34 (4.6)
  History of cardiovascular 
disease
10 (2.9) 23 (5.9)* 33 (4.5)
Mean (SD) of characteristic
  Age, y 49.5±15.1 51.1±14.8 50.3±15.0
  Body mass index, kg/m2 25.9±4.4 27.0±3.7† 26.5±4.1
  Brachial SBP, mm Hg 124.8±17.6 130.4±14.7† 127.8±16.4
  Brachial DBP, mm Hg 76.5±9.1 81.7±9.5† 79.2±9.7
  Heart rate, bpm 66.0±9.3 61.9±8.3† 63.9±9.0
  Serum total cholesterol, 
mmol/L
5.04±0.88 4.89±0.92* 4.96±0.90
  Serum HDL cholesterol, 
mmol/L
1.62±0.36 1.31±0.29† 1.45±0.36
  Plasma glucose, mmol/L 4.75±0.63 4.92±0.69† 4.84±0.67
Brachial blood pressure was the second of 2 measurements in the supine 
position. Hypertension was a brachial blood pressure of ≥140 mm Hg systolic 
or ≥90 mm Hg diastolic or use of antihypertensive drugs. Diabetes mellitus 
was fasting plasma glucose of ≥126 mg/dL (7.0 mmol/L) or use of antidiabetic 
agents. ACE indicates angiotensin-converting enzyme; ARB, angiotensin-
receptor blockers; CCBs, calcium-channel blockers; DBP, diastolic blood 
pressure; HDL, high-density lipoprotein; and SBP, systolic blood pressure.












Systolic pressure, mm Hg 121.1±18.6 127.1±16.3* 124.3±17.7
Diastolic pressure, mm Hg 77.3±9.2 82.5±9.6* 80.0±9.8
Mean arterial pressure, 
mm Hg
94.8±11.5 100.4±10.4* 97.7±11.3






Augmentation ratio, % 111.6±6.4 107.8±6.7* 109.6±6.8
Augmentation index, % 28.2±10.9 21.5±11.1* 24.7±11.5
Pulse wave velocity, m/s 7.13±1.63 7.81±1.63* 7.49±1.66
Forward pulse peak time, 
ms
104.6±12.2 109.1±14.0* 107.0±13.4
Backward pulse peak 
time, ms
238.0±18.2 228.5±20.7* 233.0±20.1
Forward wave amplitude, 
mm Hg
30.3±9.6 33.4±10.2* 31.9±10.0
Backward wave amplitude, 
mm Hg
21.9±8.3 20.8±8.3 21.3±8.3
Reflection magnitude, % 71.9±17.2 64.4±18.4* 67.9±18.2
Central retinal arteriolar 
diameter, µm
152.8±14.3 149.1±14.1* 150.8±14.3






Values are means±SD. The analyses included 735 participants with the 
exception of pulse wave velocity, which was available in only 554 subjects. The 
time-dependent hemodynamic variables (augmentation ratio and index, pulse 
wave velocity, and the forward and backward peak times and wave amplitudes) 
were standardized to a heart rate of 65 beats per minute (approximately the 
mean in the study population).
Significance of the sex difference:
*P≤0.001.
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unadjusted analyses (Table 3), the CRAE was inversely as-
sociated with all central hemodynamic measurements with 
association sizes for a 1-SD increment in the explanatory 
hemodynamic variables (P≤0.009) ranging from −5.97 µm 
(mean arterial pressure) to −1.38 µm (forward wave ampli-
tude). The CRVE significantly (P≤0.030) decreased with all 
central hemodynamic measurements (Table S1 and Figure S2) 
with the exception of the forward wave amplitude (P=0.72). 
The associations of the AVR with the central hemodynamic 
traits were directionally similar compared with the CRAE but 
were weaker for the augmentation ratio and index and the re-
flection magnitude (Table 4 and Figure S3).
Adjusted Analyses
With adjustments applied for sex, age, body mass index, heart 
rate, serum total cholesterol, plasma glucose, current smok-
ing and alcohol intake, antihypertensive drug treatment, and 
history of cardiovascular disease, a 1-SD increment in cen-
tral mean pressure (+11.3 mm Hg), pulse pressure (+15.2 
mm Hg), and augmentation pressure (+8.5 mm Hg) was as-
sociated with smaller CRAE (P≤0.034; Table 3) with as-
sociation sizes amounting to −4.62, −1.26, and −2.81 µm, 
respectively. Additionally adjusted for brachial diastolic blood 
pressure, for a 1-SD increment in the augmentation ratio (+7.0 
%), aortic PWV (+1.66 m/s), and the forward (+10.0 mm Hg) 
and backward (+8.5 mm Hg) wave amplitudes, the association 
sizes with CRAE were −1.91, −1.59, −1.45, and −2.38 µm 
(P≤0.030), respectively (Table 3). None of the multivariable-
adjusted associations of the CRVE with the central hemo-
dynamic traits reached significance (P≥0.22; Table S1) with 
the exception of central diastolic blood pressure (P=0.030). 
The multivariable-adjusted associations of AVR with the 
central hemodynamic variables mirrored those of the CRAE 
(Table 4). They were nonsignificant for the augmentation 
index, aortic PWV, and the reflection magnitude (Table 4; 
P≥0.34). The association sizes of the AVR with the other cen-
tral hemodynamic traits were significant (P≤0.037; Table 4) 
with association sizes ranging from −0.018 (central mean ar-
terial pressure) to −0.008 (forward wave amplitude).
Sensitivity Analyses
Multivariable-adjusted analyses stratified by median age 
(≤50.8 versus >50.8 years; Table S2) generated results 
similar to those reported in Table 3. Among 577 untreated 
Figure.  Central retinal arteriolar diameter 
(CRAE) by quartiles of the distribution of 
forward wave amplitude (Pf), backward wave 
amplitude (Pb), and aortic pulse wave velocity 
(PWV, n=554). Each plotted point represents the 
unstandardized and unadjusted mean. Vertical 
bars indicate the SE. P values are for linear 
trend across the quartiles by Pf (A), Pb (B), and 
PWV (C).
Table 3. Central Retinal Arteriolar Diameter in Relation to Central Hemodynamics
Hemodynamics (+1 SD)
Unadjusted Models Adjusted Models
Estimate (95% CI) P Value Estimate (95% CI) P Value
Central systolic pressure (+17.7 mm Hg) –5.28 (–6.25 to –4.32) <0.001 –3.88 (–5.05 to –2.70) <0.001
Central diastolic pressure (+9.8 mm Hg) –5.09 (–6.06 to –4.12) <0.001 –3.94 (–4.99 to –2.90) <0.001
Central mean pressure (+11.3 mm Hg) –5.97 (–6.91 to –5.02) <0.001 –4.62 (–5.73 to –3.51) <0.001
Central pulse pressure (+15.2 mm Hg) –2.86 (–3.88 to –1.84) <0.001 –1.26 (–2.42 to –0.09) 0.034
Augmentation pressure (+8.5 mm Hg) –3.56 (–4.56 to –2.55) <0.001 –2.81 (–4.34 to –1.27) <0.001
Augmentation ratio (+7.0%) –2.89 (–3.91 to –1.87) <0.001 –1.91 (–3.43 to –0.39) 0.014
Augmentation index (+11.6%) –2.58 (–3.60 to –1.56) <0.001 –0.48 (–1.85 to 0.89) 0.50
Pulse wave velocity (+1.66 m/s) –4.25 (–5.33 to –3.18) <0.001 –1.59 (–3.02 to –0.16) 0.030
Forward wave amplitude (+10.0 mm Hg) –1.38 (–2.41 to –0.35) 0.009 –1.45 (–2.44 to –0.45) 0.004
Backward wave amplitude (+8.5 mm Hg) –3.38 (–4.39 to –2.37) <0.001 –2.38 (–3.59 to –1.17) <0.001
Reflection magnitude (+18.2%) –2.60 (–3.62 to –1.58) <0.001 –0.78 (–2.10 to 0.54) 0.24
Association sizes (95% CI) express the difference in central retinal arteriolar diameter associated with 1-SD increment in the hemodynamic 
indexes. The analyses included 735 participants with the exception of pulse wave velocity, which was available in only 554 subjects. Adjusted models 
accounted for sex, age, body mass index, heart rate, serum total cholesterol, plasma glucose, smoking and alcohol intake, use of antihypertensive 
drugs, and history of cardiovascular disease. The augmentation ratio and index, pulse wave velocity, forward and backward wave amplitudes, and 
reflection magnitude were also adjusted for brachial diastolic blood pressure.
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participants, 432 had normal blood pressure. Sensitivity 
analyses of retinal microvascular traits in relation to the cen-
tral hemodynamics in participants not on antihypertensive 
drug treatment (Tables S3 and S4) and in those with normal 
blood pressure (Table S3) were confirmatory. Similarly, ex-
cluding 34 participants with diabetes mellitus produced con-
firmatory results (Table S5).
Next, we ran an analysis of the central hemodynamics 
calibrated by diastolic blood pressure and mean arterial 
pressure, defined as diastolic blood pressure plus one-third 
of pulse pressure (Table S6). Correlation coefficients of the 
central hemodynamic measurements calibrated in this alter-
native way with those derived by the recommended calibra-
tion were all higher than 0.986. Consequently, there were no 
material differences between the association sizes in Table S6 
and Table 3. The same was true when models relating CRAE 
to the central hemodynamic measurements were additionally 
adjusted for CRVE (Table S7), although with a marginally 
trend of inverse association between CRAE and aortic PWV 
(P=0.072) and with a significant association with the augmen-
tation index (P<0.001).
Discussion
To our knowledge, our study is the first population survey 
assessing the association of retinal microvascular traits with 
central hemodynamic measurements. The key finding of our 
study was that the CRAE was smaller with higher values of 
aortic PWV, central pulse pressure, augmentation ratio, and 
the forward and backward wave amplitudes. There is close 
anatomic proximity between the central arteries and the ret-
inal arterioles. The ophthalmic artery branches directly from 
the internal carotid artery. The inverse association of the ret-
inal arteriolar diameter with central hemodynamic indexes 
reflecting arterial stiffness is, therefore, coherent and phys-
iologically plausible. Indeed, in a stiffer arterial tree, the 
backward wave returns during systole, thus augmenting cen-
tral systolic blood pressure and widening central pulse pres-
sure. The pulsatile stress on the wall of the large arteries leads 
to further degradation of the elastin fibers, so that extremely 
stiff collagen increasingly bears the pulsatile load.39
Several studies investigated the association between the 
central retinal microvascular diameter and aortic stiffness 
in hypertensive patients.21,23 In 3425 participants (46.4% 
women; mean age, 62.0 years) enrolled in the Multi-Ethnic 
Study of Atherosclerosis, aortic distensibility was deter-
mined from chest magnetic resonance imaging.20 With 
adjustments applied for demographic variables and car-
diovascular risk factors, participants in the lowest quartile 
of the distribution of aortic distensibility, compared with 
those in top quartile, had an increased risk of retinal arte-
riolar narrowing (odds ratio, 1.72; 95% CI, 1.15–2.58).20 In 
multivariable-adjusted analyses of 137 never-treated early 
stage hypertensive patients and 86 normotensive individuals 
(36.3% women; mean age, 43.8 years),21 0.098 m/s higher 
PWV and a 0.113 higher augmentation index were associated 
with a 1-µm decrease in the CRAE diameter (P≤0.049).21 In 
181 hypertensive patients (44.8% women; mean age, 53.9 
years; treated for hypertension, 60.2%), the CRAE was sig-
nificantly and inversely associated with the tonometrically 
assessed aortic PWV in an unadjusted model (β=−0.228; 
P<0.001). This association remained significant in multivari-
able-adjusted analyses (β=−0.233; P<0.001).23 Aortic PWV 
was also measured over 24 hours, using Mobil-O-Graph 
24-hour PWA monitors (IEM GmbH, Stolberg, Germany).40 
The correlations of the CRAE with PWV measured over 24 
hours and during wakefulness and sleep ranged from −0.241 
to −0.204 in unadjusted analyses and from −0.292 to −0.222 
in multivariable-adjusted models.23
Recent studies reported associations of the renal41 or 
cerebral42,43 microvasculature with PWV. The Age, Gene/
Table 4. Arteriole-to-Venule Diameter Ratio in Relation to Hemodynamic Traits
Hemodynamics (+ 1 SD)
Unadjusted Models Adjusted Models
Estimate (95% CI) P Value Estimate (95% CI) P Value
Central systolic pressure (+17.7 mm Hg) –0.016 (–0.021 to –0.010) <0.001 –0.017 (–0.024 to –0.011) <0.001
Central diastolic pressure (+9.8 mm Hg) –0.016 (–0.022 to –0.011) <0.001 –0.014 (–0.019 to –0.008) <0.001
Central mean pressure (+11.3 mm Hg) –0.018 (–0.024 to –0.013) <0.001 –0.018 (–0.024 to –0.012) <0.001
Central pulse pressure (+15.2 mm Hg) –0.008 (–0.013 to –0.002) 0.006 –0.009 (–0.015 to –0.002) 0.008
Augmentation pressure (+8.5 mm Hg) –0.007 (–0.013 to –0.002) 0.009 –0.013 (–0.022 to –0.005) 0.002
Augmentation ratio (+7.0%) –0.005 (–0.010 to 0.001) 0.096 –0.009 (–0.018 to –0.001) 0.037
Augmentation index (+11.6%) –0.005 (–0.010 to 0.001) 0.083 –0.004 (–0.011 to 0.004) 0.36
Pulse wave velocity (+1.66 m/s) –0.008 (–0.013 to –0.003) 0.001 –0.003 (–0.010 to 0.003) 0.34
Forward wave amplitude (+10.0 mm Hg) –0.005 (–0.011 to 0.0001) 0.055 –0.008 (–0.014 to –0.002) 0.005
Backward wave amplitude (+8.5 mm Hg) –0.008 (–0.013 to –0.002) 0.006 –0.012 (–0.018 to –0.005) 0.001
Reflection magnitude (+18.2%) –0.004 (–0.009 to 0.002) 0.16 –0.003 (–0.010 to 0.004) 0.41
Association sizes (95% CI) express the difference in retinal arteriole-to-venule diameter ratio associated with 1-SD increment in the 
hemodynamic indexes. The analyses included 735 participants with the exception of pulse wave velocity, which was available in only 554 
subjects. Adjusted models accounted for sex, age, body mass index, heart rate, serum total cholesterol, plasma glucose, smoking and alcohol 
intake, use of antihypertensive drugs, and history of cardiovascular disease. The augmentation ratio and index, pulse wave velocity, forward and 
backward wave amplitudes, and reflection magnitude were also adjusted for brachial diastolic blood pressure.
Wei et al  Retinal Microvasculature and Central Hemodynamics  611
Environment Susceptibility-Reykjavik Study41 enrolled 629 
randomly selected community-dwelling elderly 629 (45.2% 
women; mean age 74.8 years), which were followed-up for 
5.3 years (mean). In multivariable-adjusted models, a 1-SD 
increment in the baseline carotid-femoral PWV and carotid 
pulse pressure, predicted a decline in the estimated glomer-
ular filtration rate at follow-up, amounting to 0.23 mL/min 
per 1.73 m2 per year and 0.25 mL/min per 1.73 m2 per year, 
respectively.41 With adjustments applied, higher PWV was 
also associated with greater volume of white matter hyper-
intensity (β=0.108 mL; P=0.018) and lower memory scores 
(β=−0.095; P=0.028) in multivariable-adjusted model.42 
A meta-analysis of summary statistics extracted from 3 
cross-sectional and 4 longitudinal studies and one study with 
mixed design addressed the association between intelligence 
quotient, a potential marker of the cerebral microcircula-
tion,44 and PWV in participants older than 30 years without 
comorbidities.43 Cognitive impairment was associated with 
higher PWV.43 Previous studies demonstrated that retinal 
venular diameter predicts the risk of stroke.45 However, 
among 8794 participants (54.6% women; mean age, 60.0 
years) of the Atherosclerosis Risk in Communities study, the 
CRAE and CRVE were differentially associated with cardi-
ovascular risk factors.46 The venular calibers were correlated 
with cigarette smoking, blood pressure, biomarkers of sys-
temic inflammation, and body mass index, whereas the main 
correlate of the arteriolar diameters was blood pressure.46 
Thus, association sizes of the venular diameters with cardio-
vascular risk factors are bound to differ between population 
studies based on their prevalence, thereby explaining the null 
association of venular diameters with the central hemody-
namics in our multivariable-adjusted models (Table S1).
The current study must be interpreted within the context 
of its strength and potential limitations. Strengths of our study 
include its relatively large-sample size, population-based de-
sign, robust measurements for aortic stiffness, and a validated 
computer-based technique to quantify retinal vascular caliber. 
Our observations are in line with the literature and provide 
an external validation of our study. Among 4926 participants 
(56% women; age range, 43–84 years) enrolled in the Beaver 
Dam Eye Study, retinal arteriolar diameters were in multivari-
able-adjusted analyses 2.1 µm (95% CI, 1.5–2.7) lower for 
each decade increase in age, and 4.4 µm (95% CI, 3.8–5.0) 
lower for each 10 mm Hg increase in mean arterial blood 
pressure.47 In our study, the corresponding estimates were 
1.5 µm (95% CI, 0.74–2.25) and 4.3 µm (95% CI, 3.3–5.3), 
respectively. Furthermore, in line with common knowledge, 
the central pressure augmentation was higher in women than 
men as a result of shorter stature,7 differences in the ventric-
ular contraction pattern,48 and morphology of the forward and 
backward wave.49 Among the potential limitations of our cur-
rent study is its cross-sectional design, which precludes direct 
causal inferences. Furthermore, our current findings in white 
Flemish cannot be extrapolated to other ethnicities. Finally, 
292 of 1027 eligible participants (28.4%) were excluded from 
the current analysis. However, participants analyzed and not 
analyzed had similar body mass index, brachial diastolic 
blood pressure, and plasma glucose (P≥0.13) but were on 
average 6.7 years older and, therefore, had a slightly higher 
systolic blood pressure and serum total cholesterol (P≤0.013; 
Table S8).
The kidney and brain share unique susceptibilities to vas-
cular injury, because they are continually perfused at high 
volume flow throughout systole and diastole, so that pulsa-
tions are transmitted through the capillary network up to the 
venous efflux.15 The cerebral microvasculature and the ret-
inal microcirculation also share similar anatomic features 
and physiological properties.16 The retina offers a unique 
window to the brain.16 The clinical perspective of our current 
study should be gauged from this point of view. Our study 
thereby provides further insight on the crosstalk between mi-
crocirculation and macrocirculation in health and disease, as 
mechanistically described in the seminal article published by 
O’Rourke and Safar.15
Perspectives
For long clinicians focused on the macrocirculation be-
cause over the past 30 years invasive therapies were de-
veloped allowing effectively treating patients with acute 
coronary syndrome, myocardial infarction, ischemic or hem-
orrhagic stroke, or peripheral arterial disease. These inva-
sive approaches preserve vital organs and save lives. Only 
recently, the insight grew that microcirculatory dysfunction is 
a main driver of age-related chronic disease, including wors-
ening diastolic left ventricular function,50 chronic kidney di-
sease,41 and cognitive decline.42,43 Our current observations 
highlight that dysfunction of the macrocirculation and micro-
circulation go hand in hand and suggest that the timely pre-
vention of both macrovascular and microvascular alterations 
could have relevant clinical impact.
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What Is New?
•	Stiffening of the large arteries is forerunner of cardiovascular complica-
tions and is associated with microvascular disease in kidney and brain. 
We hypothesized that the retinal microvascular traits might be associ-
ated with central hemodynamic properties. In 735 Flemish, we derived 
central pulse pressure and carotid-femoral pulse wave velocity from ap-
planation tonometry and calculated forward (Pf) and backward (Pb) pulse 
waves and measured retinal arteriolar and venular caliber and their ratio.
What Is Relevant?
•	 In unadjusted analyses, smaller central retinal arteriolar caliber was sig-
nificantly associated with higher central pulse pressure, pulse wave ve-
locity, Pb, and Pf.
•	With adjustments applied for sex, age, body mass index, brachial dias-
tolic blood pressure, heart rate, serum total cholesterol, plasma glucose, 
current smoking and alcohol intake, antihypertensive drug treatment, 
and history of cardiovascular disease, as appropriate, these associations 
remained significant. Associations of arteriole-to-venule diameter ratio 
with the central hemodynamic variables mirrored those of central retinal 
arteriolar diameter.
•	 In adjusted models, central retinal venular diameter was only associated 
with central diastolic blood pressure.
Summary
In the general population, narrower retinal arterial diameter was 
associated with central hemodynamic indexes reflecting arterial 
stiffness and wave reflections. Our current observations highlight 
that dysfunction of the macrocirculation and microcirculation go 
hand in hand and suggest that the timely prevention of both macro-
vascular and microvascular alterations could have relevant clinical 
impact.
Novelty and Significance
